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Edited by Takashi GojoboriAbstract Recent shotgun sequencing of ﬁltered Sargasso Sea
water samples has yielded data in astounding amount and
diversity. Iron–sulfur proteins, which are ancient, diverse and
ubiquitous, have been implemented here to further probe the
sequence diversity of the Sargasso Sea database (SSDB).
Sequence searches and comparisons conﬁrm that the SSDB by
and large equals in diversity the combined currently available
databases. The data thus suggest that microbial diversity has so
far been underestimated by orders of magnitude.
 2004 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Genome sequencing on a production scale has hugely in-
creased the rate of DNA and protein sequence data acquisi-
tion. A further step has been taken through retrieval of
genomic sequences directly from the environment, thus over-
coming the limits set by the cultivability of organisms [1,2]. A
massive eﬀort of that kind has recently resulted in the gener-
ation, from ca. 2 m3 of Sargasso Sea water, of over 1 billion
basepairs of non-redundant sequence, i.e., ca. 10% of all se-
quence data collected to date. Even more impressive is the
realization that the diversity of these new sequences may be
comparable to that of all previously known ones [3,4].
We describe hereafter an assessment of the diversity of the
Sargasso Sea sequence database (SSDB) by using iron–sulfur
(Fe–S) proteins as benchmarks. Several reasons suggest these
metalloproteins as appropriate tools for such a task. They are
collectively ubiquitous and involved in various essential cel-
lular functions [5]. They include numerous phylogenetically
distinct families, of which the populations vary greatly in
numbers. Many Fe–S proteins, most notably ferredoxins (Fd)
[6,7] and rubredoxins (Rd) [8], are small (less than 130 amino
acids) and therefore less likely to occur as truncated sequences* Fax: +33-4-38-78-54-87.
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of the SSDB [3]. In addition, the emergence of Fe–S proteins
may have been contemporaneous with the origin of life, and
perhaps even incipient in prebiotic chemistry [9]. The evolution
of Fe–S proteins may thus span the full history of life on this
planet.2. BLAST searches
The presence of Fe–S protein sequences in the SSDB was
ﬁrst assessed by running BLAST searches [10] with several
types of Fe–S protein sequences as baits. The data are sum-
marized in Table 1, and compared with those of similar sear-
ches performed on the non-redundant NCBI database (http://
www.ncbi.nlm.nih.gov/), hereafter designated NRDB. The
latter is in fact a combination of the GenBank, EMBL, DDJB,
and PDB databases. With few exceptions, to be discussed be-
low, the numbers of hits in the two databases diﬀer by less than
an order of magnitude. Typically, in the ﬁrst six lines of Table
1 (Rd and Fd), the ratio is within the 0.64–4.33 range. Com-
plex I (NADH:ubiquinone oxidoreductase) of respiratory
chains in its prokaryotic version is composed of 14 subunits
[11], ﬁve of which contain Fe–S clusters. Only the data for
subunit NuoE are shown here. Those for other subunits of the
complex are quite similar (not shown) and indicate that this
enzyme is better represented in the SSDB than in the NRDB.
In contrast, sequences of both types of hydrogenases, the
[NiFe] and [Fe] ones [12], are very rare in the SSDB. A similar
trend, though less extreme, is noted for NifH, one of the ni-
trogenase components [13]. The IscU/NifU proteins belong to
a very conserved family of Fe–S proteins that are involved in
the biosynthesis of Fe–S active sites [14]. Because of their es-
sentiality and ubiquity, their inventory is likely to provide a
realistic picture of the biodiversity in any biotope. The data in
Table 1 indicate that the SSDB includes twice as many IscU/
NifU sequences as the NRDB.
BLAST searches were also run with a metalloprotein outside
the realm of Fe–S proteins, namely cytochrome c, a bench-
mark hemoprotein. The numbers of hits were in the upper
range of those observed for Fe–S proteins. Hits were more
numerous in the NRDB database when a eukaryotic cyto-
chrome c was used as the bait, but conversely more numerous
in the SSDB when the bait was a bacterial cytochrome c.
Similar observations were made with the ‘‘plant- and mam-
malian-type’’ [2Fe–2S]Fd (Table 1, lines 2 and 3), which in
fact, notwithstanding their designation, occur in bacteria asation of European Biochemical Societies.
Table 1
Numbers of hits in the SSDB and in the NRDB generated with various Fe–S protein sequences as baits
Bait sequence E-value
cut-oﬀ
Hits in
SSDB
Hits in
NRDB
Ratio
SSDB/NRDB
Protein Length (amino-
acid residues)
Database entry
Rd 54 AAA23279 106 84 109 0.77
Plant-type Fd (spinach) 97 FESP1 106 118 183 0.64
Plant-type Fd (Aquifex aeolicus) 96 P59799 106 60 36 1.67
Thioredoxin-like [2Fe–2S]Fd 102 P07324 106 49 35 1.40
2[4Fe–4S]Fd 55 P00195 106 212 49 4.33
High potential [4Fe–4S]Fd 86 P00260 104 14 13 1.08
Complex I (subunit E) 160 AAC06799 106 315 152 2.07
[NiFe] hydrogenase (large subunit) 597 P15284 1010 11 157 0.07
[Fe] hydrogenase 497 CAC83731 1010 2 118 0.02
Nitrogenase (NifH¼Fe protein) 290 P00459 1010 42 >500 <0.08
NifU/IscU 81 NP_897778 106 302 158 1.91
Cytochrome c (mammalian) 104 P00004 106 259 >1000 <0.25
Cytochrome c (bacterial c4) 210 AAA87314 106 137 49 2.80
The TBLASTN [10] program was used in all cases, except for the high potential [4Fe–4S]Fd, where hits from TBLASTN and BLASTP [10] were
combined. In each line the numbers of hits are those with E-values lower than the indicated cut-oﬀ.
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dance of eukaryotic sequences in the NRDB, while eukaryotes
have mostly been excluded from the SSDB by ﬁltration of the
sea water samples [3].3. Sequence alignments
A more detailed analysis was performed on some protein
families. Comprehensive sets of sequences were retrieved,
aligned [15], and dendrograms [16] were derived from the
alignments. Partial sequences, a common occurrence in the
small-sized DNA fragments composing much of the SSDB,
were discarded. In case amino-acid sequences were identical, a
single one was retained, regardless of diﬀerences in the en-
coding gene sequences. Sequences that did not include all li-
gands of the Fe–S active site in the appropriate positions were
also rejected.
For Rd, 33 sequences were retrieved from the SSDB and 62
from the NRDB. The alignment yielded the dendrogram
shown in Fig. 1. A majority (21) of the SSDB sequences form a
single cluster branching oﬀ Pseudomonas-related sequences,
and most of the remainder are related to sequences from other
aerobes or cyanobacteria (Fig. 1). In contrast, no SSDB se-
quences are nested within those of Archae or anaerobes (a
single exception is related to Thermotoga maritima Rd).
The SSDB includes 103 sequences of plant- and mamma-
lian–type Fd, while 179 such sequences were recently retrieved
from the NRDB [18]. The SSDB sequences are widely dis-
tributed (not shown) across all major functional groups
(photosynthesis, hydroxylation reactions, Fe–S cluster bio-
synthesis) of these proteins [19].
Thioredoxin-like [2Fe–2S]Fd sequences were found in equal
numbers (30) in the SSDB and NRDB. Half of the former are
related to the cyanobacterial ones (Fig. 2), while the remainder
are found among those of aerobes. None of the SSDB se-
quences is a close relative of any of the three biochemically
characterized proteins of that family [6].
A vast majority of high-potential [4Fe–4S]Fd (21 sequences
in the NRDB) are found in photoauxotrophic bacteria [7].
Their very narrow distribution probably explains the rarity ofthese proteins. The 11 SSDB sequences are clustered in two
groups (Fig. 3) of undetermined aﬃliation.4. Conclusions
The data collected in Table 1 indicate that the sequence
diversity of the SSDB is overall similar to that of the NRDB,
even though the former is ca. 10 times smaller than the latter.
Furthermore, there are indications that the relative diversity
of the SSDB might be underestimated. First, the non-redun-
dancy of the NRDB is imperfect: indeed, a number of se-
quences have been obtained independently in more than one
laboratory, are represented in more than one database entry,
and therefore yield more than one hit in BLAST searches.
Second, the ﬁlters used for sample collection eliminated free
DNA, viruses, and virtually all eukaryotes, including micro-
scopic ones, from the SSDB [3,4]. Even prokaryotic diversity
has probably been underestimated, through elimination of
symbiotic and particle-associated organisms [4]. Thus, the
actual microbial diversity of the SSDB will possibly dwarf
that of the NRDB.
Fe–S protein sequence alignments further highlight the
SSDB diversity (Figs. 1–3). For the four independent families
of proteins that were analyzed, the numbers of SSDB se-
quences are 50–100% of those in the NRDB. Expectedly, some
of the SSDB sequences appear in clusters of closely similar
units. However, most of them diﬀer signiﬁcantly from known
sequences and thus expand the known sequence space. As
stated in previous reports [6,18], it is diﬃcult to derive taxo-
nomic information from these short and promiscuous se-
quences. Nevertheless, sequence similarities within each family
of Fe–S proteins in the SSDB suggest that the host microor-
ganisms are mostly cyanobacteria, photosynthetic bacteria, or
aerobes. Archaea and anaerobes appear to be barely repre-
sented in the SSDB. The large predominance of aerobes over
anaerobes in the SSDB is further conﬁrmed by the presence of
numerous complex I (an aerobic enzyme) sequences and very
few nitrogenase and hydrogenase (mostly found in anerobes)
sequences (Table 1). These observations agree with those made
for other sequence families [3] and are in keeping with the
Fig. 1. Dendrogram [16] derived from sequence alignments [15] of Rd. All sequences are given as database access numbers, except for the Clostridium
tetani protein (Ctetani), which was not annotated in the genome sequence [17]. Sequence entries from the SSDB [3] are composed of eight digits (no
letters) and are framed. Categories of organisms are indicated to show that nearly all SSDB sequences are likely from aerobes or cyanobacteria.
Anaerobes (with the possible exception of a T. maritima-related sequence) and Archaea are apparently not represented.
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Fig. 2. Dendrogram [16] derived from sequence alignments [15] of [2Fe–2S] thioredoxin-like Fd. All sequences are given as database access numbers.
Sequence entries from the SSDB [3] are composed of eight digits (no letters) and are framed. Most SSDB sequences appear to be from aerobes or
cyanobacteria.
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Fig. 3. Dendrogram [16] derived from sequence alignments [15] of [4Fe–4S] high-potential Fd. All sequences are given as database access numbers.
Sequence entries from the SSDB [3] are composed of eight digits (no letters) and are framed. With few exceptions (indicated) the known sequences are
from purple photosynthetic bacteria [7].
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6 J. Meyer / FEBS Letters 570 (2004) 1–6physico-chemical properties of the sites – surface sea water – of
sample collection.
The retrieval of such an astounding sequence diversity from
a nutrient-poor environment [3] opens nearly boundless per-
spectives for the nutrient-rich niches that are targeted for ex-
ploration by similar approaches in the near future. While the
sequence searches and alignments reported here were aimed at
known classes of Fe–S proteins, yet unidentiﬁed novel classes
will most certainly also be found. Altogether novel Fe–S
protein folds, as well as novel spatial distributions of Fe–S
ligands within known folds, feature among the expected dis-
coveries. Similar developments may be anticipated for most
classes of presently known proteins. Thus, the misleading im-
pression of a ‘‘miraculous catch’’ of sequences merely reﬂects
that microbial and protein diversity has so far been vastly
underestimated [4].References
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